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ABSTRACT

Experiments were conducted on current-mirror MIOSFET«s to examine their
suitability for use in radiation environments. These devices, which allow low loss
load current sensing (defined by a current-ratio '), are an nnportant element of
many power integrated circuits (PICs). Total-dose testing demonstrated that the
current ratio was virtually unaffected for many operating conditions. In all cases,
changes were largest when sense resistance was largest and minimal when sense
voltage was approximately equal to the load source’s voltage. In addition. testing
verificd the feasibility of using sense-cell MOSFETs for applications which require
radiation exposure. A constant-current op-amp circuit showed minimal current
shifts. using proper circuit design. following total-dose exposure. Dose-rate testing

showed the feasibility of using sense voltage to trigger 5 protection through drain-

source voltage clamping. providing a relatively inexpensive alternative to voltage

derating.




CHAPTER 1: INTRODUCTION
SECTION 1.1: MOTIVATION
The effects of radiation environments on power MOSFET devices 1= & well

established area of research [1.2.3.4]

;-

This is especially true for applications 1.
space-based systems such as satellites. The objective of such research is 1l
to examine how device structure. processing. and use may be changed to extend
the useful life of these devices in radiation environments. However. some of th.
new power integrated circuits (PICs) show significant potential for appheation o
such environments since they integrate both power and control elements i a sinei
device, allowing identical or nnproved performance using less weighit. vohune, an.
power. Therefore. 1t is desirable to examine the effects of radiation on the ope
ation of these new devices. Such an examination requires looking at changes o
both the device level. as is usually the case. and the cireuit level. Be  use PIC-
include control elements, there exists a possibility that 1 some cases these conrrol
elements may be utilized to maintain useful circuit operation under the chanelnc
conditions caused by a radiation environment. such as compensation for toral-do-
effects or protection against dosc-rate upset. This becomes, in essence. a cirens
level approacii to radiation hardening. Naturally. the key to such an approach i~
that the performance of the control elements remains stable under any changes 11,
duced by radiation. Additionally. it is important to determine whether the norme:?
control functions of PICs are inipaired by exposure for those cases where these fune
tions are not used for direct radiation hardening. This would help determine if tli
advantages of PICs can be used 1 such environmients.

For this study. the subject was a device important to many PICs which s
known by a number of different names: SenseFET*. HexSense**. Current-Mirro
FET (CMFET). or sense-cell MOSFET. The particular device studied was the
Motorola MTP10N25M SenseFET® power transistor. but the results should apply
equally well to all such devices, To examine this particular deviee, one must have

basic understanding of DNOS devices. basie radiation effects i MOS deviees, thi

* SenseFET 1s a registered trademark of Motorola. Inc.
** HexSense is a registered trademark of International Rectifier: Tue.




operation and use of the deviee. and the method of verifving predictions. thiat i1+

an experimental plan or procedure.

SECTION 1.2: DMOS DEVICES

Double-diffused Metal-Oxide-Semiconductor (DMOS) Field Effeet Transi-
tor devices are the most common form of MOS power devices sinee their attributes
are especially well suited for power applications. as will becowe apparent. A repre
seritative structure of two cells of a vertical DMOS deviee 15 shown m Figure 1

The name given DMOS deviees s derived from the use of two dithision <tepa-
to create the n™ and p regions shown 1 the igure. The principal ditfieulry of 1l
DMMOS process 15 1 obtaining o consistent threshold voltage fronn deviee to devic
This 1~ a consequence of the faer that mstead of @ constant doping level under th
gate, there exists a doping protile which 15 determined by the two dittusion ~rep-
This results 1 a profile sueli as thar <hown i Figure 20 This figure shows thiir ol
threshold voltage will depend on the peak doping value. Ny . This valoe will
be controlled by the details of the diffusion steps. but the greatest vartations con
from differences i the predeposition step of the p-diffusion. If 1on immplantarion @
used 1 this predeposition step. reasonably good control of the threshold voltage -
possible [6].

Nonetheless, DMOS devices are not withont their advantages. One of these
advantages 1s that the channel length 1s determined by the difference 1 lateral
diffusion distances rather than the mmimum dimension available from photolithog
raphy. Since there has traditionally been better control of diffusion distances than
the dimensions of photolithographic openings. this structure allows shorter chiannel
lengths than in the type of structure used for most MOS devices. Tn addition 1o
this. the device density that 1s possible using a vertical DMOS structure can resulr
in very large equivalent aspect ratios (channel width/channel length) whieli allow.
large currents to be controlled by a deviee which is small in surface area. Tt 1~ tlns

attribute which makes the DMOS structure o useful one for power deviees.
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Anothier important feature of DMOS power devices is that. on a given dic,
characteristics are very closely matched from cell to cell. This means that for the
same gate-to-source and drain-to-source voltages, the current flowing in each ecli
will be very nearly the same. As will be shown. this attribute is essential 1o the

creation of devices like the CNFET.

SECTION 1.3: THE CMFET

In a conventional DAOS power transistor. all the source contacts are tied
in parallel to a single source pin. In sneli a deviee. the close matching of the cells
means that the total current is approximately the current »f a single cell mulnplicd
by the number of cells. However, using o different metalization pattern. 1t 1s possihle
to split off the source conneetions of a subset of cells. The ratio of the currents .
the different source branches will then be equal to the ratio of the number of cells
in each branch. provided that the sources return to the same potential. This s
shown in Figure 3. where the ratio of cells is 1. This structure is exactly rhat of the
CMFET. In the CMFET. a few of the cells are tied together to a separate sonree
pin which i~ labelled by M for mirror. If both the main (loady and mirror (sense
source conttections are returned to ground. then the current in the sense branch will
be ntimes smaller than that in the load branch because of the previously mentioned
matching between the DAOS cells [7.8.9.10].

Normally, however. it is preferable to use voltages rather than currents as
indicators of circuit conditions. To obtain a voltage. a resistor can be inserted
between the sensing source connection and ground. resulting in the cireuit of Fia
ure 4. Naturally. the voltage created by this resistor will alter the ratio of currents
between the two branches sinee it alters the drain-source and gate-source voltages
in the sense branch, Nonetheless, thi= Is 1ot a great problem because the ratio
changes i a predictable fashion. This new ratio can be calculated easily using the
simple square-law equations for the linear region of operation [9]. From this model.

the drain eurrent s given by
1
2

ver - . - - 2 1
o= 2RV G VN - Vs T '
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where K is the channel conductivity of the device of the device and the voltages arc
defined in Figure 4. For the sense current, the important voltages are found from
Figure 4 to be

Vps2 = Vpsi — Vsense and (2

\'VG’.’ = \‘.Gl - \'Senso' (3)

Therefore, the sease and load currents are given by

ISense - 21\5[(\/G1 - \”TS -\ Sense)(\ DS1 — \ Sense) - 3(\ DS1 — \ Sense )2] (1)
and

© k- . . 1. .

I = 2K {(Ver = Vi) Vos: = 5 Vst)- (51

The relation between Kg and L'j is casily found to be
K /Ks = n. (G

where n is the cell ratio. The new cell ratio. n'. is found to be

2

2KL[(Ver = V1u)Vps: — 3Vbs1 )

21\'5[(\7G1 - \'TS - \'.Sensc )(\vl)Sl - \vSense) - %(\VDSI - \’Sensc)z}
n

n' = IL/15 =

1 _ Vsense(V G —\.T"‘%\‘v_\‘ensr)
Vopsi(Var=Vr=3Vpsi)
(7)
if the threshold voltages are assumed to be equal in both sections of the devices. ax

1s approximately true. All the terms in this new expression, except the threshold

o

voltages, are determined by the user of the device. A choice of Vensge corresponding

to a particular load current fixes the sense resistor value according to the relation

. '
\ Sensell
RS(‘nsv = -5 (
ILoad

8]

As might be expected. the choice of sense resistor and voltage values has o
definite impact on the accuracy of the seuse current. In other words. the ratio »'
will not be constant for all conditions onee the sense resistor value becomes fixed.

Furthermore, the amount of variation is directly dependent on the sense resistor
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value. The two most important aspects of accuracy are those dealing with linearity
and temperature coeflicient of n'. although it will be shown that the sense resistor
value also has an impact on performance in radiation environments.

The quality of inearity in the sense current means that it should vary lincarly
with the load current. For example if Vi, s =1 Vior I} =10 A. then Vs pnye =01V
for I; =1 A. Unfortunately. the relation can never be exactly linear: that is. n' is
never exactly constant for different conditions once Rgensqe 18 fixed. The reason true
linearity can never be achieved is that such a condition would require a device whicls
varies linearly with gate voltage. and it is well known that MOSFETs approximately
obey a square-law with respect to gate voltages. not a linear relation. It becomes
clear that to achieve the greatest possible linearity. the gate-source and drain-source
voltages must be as closely matched as possible in the sense and load sections of the
CMFET. This requires the use of as small a value as possible for the sense resistor.
This requirement 1s easily shown by observing that. in the limit of Rg.,,.. = 0.
true hnearity is achieved if the cells are truly matched. It can be shown that. for
small values (approximately 10% of the sense section on-resistance) of Rg g . truc
linearity 1s approximated very closely [3.11].

Changes in n' due to chauges in temperature are best explained using the
equivalent on-resistance model of the CMFET circuit shown in Figure 5. In this cir-
Cult, Tam(on) = sense cell on-resistance = nrygon). Where 744(on) 1% the load section
on-resistance. It is well-known that the on-resistance of a MOSFET changes with
temperature, and for this device. both on-resistances will change by the same factor
if the cells are well-matched. It is readily apparent from Figure 5 that if Rg, ..
does not change by the same factor as the on-resistances. the ratio of currents in
the two branches must change. It is easily shown that this effect ix minimized for
small values of Rgene [8.9.11]. Figure 6 shows the relationship between the value of
Rg e and accuracy of the current ratio n’ under a thermal excursion.

Of course. there 1s a linut 1o how small Rq. . can be allowed to become.
This himit 1s due to two primary considerations. eircuit noise and useful sense volt-

age levels. I consideration of noise. the user must recognize that very small values
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for Veense may be seriously affected by noise. The CMFET does allow some acconi-
modation for the reduction of noise in the sense voltage. Noise may be reduced by
the use of what is called the “Kelvin™ pin. This pin allows the bypassing of parasitic
resistances and inductances from the package and the avoidance of ground loops [7.
This is accomplished by a direct connection to the load section source bonding pad.
shown schematically in Figure 7. Therefore, for the greatest sense voltage accuracy.
the sense resistor should be connected between the sense source pin and the Kelvin
pin, as shown, rather than between the sense source pin and ground. At this point.
it becomes convenient to introduce a new syvmbol for the CAMFET that 1s easter to
use. Figure 8 shows this new symbol, where the connection labeled by M s the
sense-section source pin

The other consideration when dealing with small resistor values is whether
or not a given resistor value will result in useful levels for the sense voltage. If the
levels are not high enough. it beconies necessary to amplify the sense voltage. This
introduces unwanted complexity into the cirenit and a new source for errors i the
output sense voltage. Noise and voltage level considerations will usually restriet the
value of the sense resistor to between 109 and 100% of ryp,0n)(11].

This elegant method for developing a sense voltage proportional to the load
current using the CMFET differs greatly from the more conventional method. Tra-
ditionally. such a voltage is achieved by placing a resistor directly i series with
the load current. altering the operating conditions. The level of currents flowing
through a resistor placed in such a position can be quite high. requiring the use of
expensive wire-wound resistors (9.10.11]. In addition. such a resistor will dissipate
significant amounts of power. on the order of watts. By contrast. using the CMN-
FET allows the use of inexpensive resistors and results in power dissipation on the
order of milliwatts for the same situation [7] without affecting the load current at
all. These factors. combined with the low cost of CMFETs (7). allow the user to
perform the same function as before at lower cost and with power dissipation from
the sensing function that is three orders of magnitude lower. Provided that the

user is able to achieve sufficient accuracy from a CMFET circuit. this represents a
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significant advantage resulting from the use of the CNMFET rather than the series

power resistor methocd.

SECTION 1.4: BASIC RADIATION EFFECTS ON MOS DEVICES

When a semicouductor device is exposed to a radiation environment. its
electrical properties and/or its operating condition are generally altered. Such al-
teration includes possibilities of degradation. upset. or failure. However. the naturc
and magnitude of the alteration depend on the specifics of both the environment
and the device or circuit. Therefore. 1t 1s necessary to specify the type of radiation
to be considered as well as the operating conditions of the circuit.

Radiation effects relevant to MOS devices may be placed in four broad cat-
egories: total dose effects. dose-rate effects, single event upset. and neutron effects.
The first three are caused by ionizing radiation and the last by neutron exposure.
[onizing radiation includes both photons and charged particles.  These may be
grouped together since the net result of interactions of photons and charged par-
ticles s, qualitatively. basicallv the same. Through such interaction mechanisnis
as the photoelectrie effect. Comptou scattering. pair production. and Rutherford
scattering. both photons and charged particles produce electron-hole pairs in quan-
tities which depend on the energy of the incident radiation and the target material
(12.13]. Generally. the only photons of sufficient energy and penetration to causce
bulk ionization are photons in the x-ray and gamma-ray ranges. A secondary effect
of ionizing radiation exposure of semiconductor materials is the displacement of
atoms from their lattice positions. Normally. however. the dominant effect is that
of 1onization [14].

Ionizing radiation exposure i1s usually measured by the unit radiation
absorbed dose or rad. A rad is equal to 100 ergs of energy deposited per gram
of material. Because this varies fiom material to material. the particular material
under consideration must be specified. Another measurement of ionizing radiation
1s the rate at whicli the enerey is transferred. The 1onizing dose rate (4) 1s normally

expressed in rad/s.
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The second general type of radiation. neutrons. has a very different cffect
than that of photons and charged particles. Because neutrons have no electrie
charge. they normally interact only with the atomic nuclei. Although these inter-
actions include nuclear reactions. the dominant effect i1s the displacement of atoms
from their lattice positions which produces defects in the lattice [15]. A secondary
effect of neutron exposure is ionization due to the motion of displaced atoms. Once
again. however. this secondary effect is strongly dominated by the primary effect of
atomic displacement [15].

Neutron radiation is commonly measured in flux. particles per uuit arca per
second. or fluence. total particles having passed through per unit arca. However.
since neutron interactions are strongly dependent on neutron energy [16.17 01t 1
common to express neutrou Huence 1 terms of a 1 MeV equivalent Huence, Thar
15, fluence 1s expressed as the fluence of 1 MeV neutrons which would produce the
same effect.

It should be apparent from the discussion above that 1 most cases ionizing
radiation can be considered to crcate only electron-hole pairs through onization
and neutrons mayv be cousidered to cause only displacement damage.  Unforta
nately. neither of these gives any indication concerning the effects of radiation o
the electrical properties of semiconductor devices,

Total dose radiation etfecrs are those caused by long-term exposure to won
1zing radiation delivered at a low dose-rate. These effects are mmportant in MOS
devices hecause of the presence of the silicon dioxide gate dielectrie. This oxide
tyvpieally contains large densities of charge trapping centers. Onee carriers are gen
erated through ionization. they tend to become trapped in the oxide. if they avoid
initial recombination. The amount of initial recombination taking place 1s redneed
as the electrie field 15 nereased, as when a gate bias 1s applhied. This reduction
recombination i1s a result of the enhancement of the separation of charges by the

1

electric field following their gencration {185
Thus. 11 the presence of 1onizing radiation. charge aceumulates 1 the care
oxide of MOS devices, The situation is further complicated by radiation-indueed

interface states at the stlicon-<tlicon dioxider St SiO00 uterface. The creation o
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these states 1s dispersive in time and can continue long after radiation exposure has
ended [14.19]. Since. in operating n-channel devices. these traps manifest a negative
charge. they contribute a positive threshold voltage shift whose magnitude depends
on the silicon surface potential. because the potential will determine the occupancy
of the interface states [20]. The net charge in the oxide is usually positive because
the much higher mobility of electrons in the oxide allows them to be swept out of
the oxide. At the same time. a positive gate bias (as is normal for n-channel devices
such as the CMFET) will canse holes to move towards the Si- SiO, interface [21]
where they may be captured in long-term trapping sites for periods which can last
from hours to vears (22]. Thix process i< depicted in Figure 9.

It is known that such charges a1 the mterface are undesirable because they
represent @ space-charge region whiclt shifts the fatband voltage (therefore. the
threshold voltage as wellt 1207 The threshold <hift following radiation exposure 1
generally time dependent. A typical time progression of threshold shift is shown
Figure 10. Becanse mterface states may continne to be created and holes trapped i
the oxide may recombine througl tunneling. it is possible for the threshold voltage
to shift positively with respect to the mitial value following an original negative
shift. This phenomenon is known as superrecovery or rebound [23.24]. Enough of
a shift i rthe thre<hold voltage i either direetion usually results in circuit failure.
It <hould be noted thar while threshold voltage shifts are not the only observed
total dose effect it s generally the one of major concern for MOS devices for most
appheations. The secondary total-dose effect which can be important is an increase
in on-reststance, a manifestation of mobility degradation. caused by the interface
traps acting as scattering centers,

The radiation effects of high dose-rate radiation exposure and single event
upset are very different fron toral dose effects due to the magnitude of the radi
ation induced onization. Dose rive (4 effects are cansed by bulk 1onization from
exposure to a large ionizing racdhation pulse (e either electrons or photonsy. Sin
gle event upset (SEU, effects are caused by localized 1onization from the passage
of a single. energetic heavy iou. In either case. when this jonization occurs in the

region of a biased junction cpartionlanly o strongly reverse biased junetioni. very
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large currents result. These currents (1n the 3 case) are normally referred to as
induced photocurrents. Such photocurrents can cause transient upset of circuits
leading to such problems as latch-up [25] and damage to or failure of metal iuter-
connects. Even if none of these occur. it 1s still possible to create errors in logic and
memory devices which use stored charge to represent data [26]. These effects may
be due to bulk lonization by 4 or may be from localized 1onization by the passage
of a single energetic heavy ion. Dose-rate upset can be a major problem for DMOS
power devices and can make power supplies which use them the weakest part of o
syvstem in a dose-rate environment [27].

All neutron effects are a result of displacement damage. Displacement dani
age 1 semiconductor devices affects their performance and characteristics in a man-
ner very different from the 1onizing radiation effects discussed above. The disruntion
of the periodicity of the lattice by the radiation-induced defects ereates localized
energy states within the band gap. Such states are known to enhance generation,
recombination. tunneling. trapping. and compensation. In addition. the defeers
which created these states act as scattering centers which reduce bulk carrier mo-
bility. However. such mobility degradation becomes significant only at high fuences.
Nevertheless, because DAOS devices do not deperd on minority carriers. the major
effect of displacement damage 1s usually bulk mobility degradation. as seen through
inereases in on-resistance [1].

Since defects anneal to some extent. neutron damage effects are also tine-
dependent. However, annealing rates at room temperature are very small for times
greater than 100 seconds [28]. Unless very long time periods are being considered.
damage after this initial period may be considered to be approximately constant.
Unfortunately. this does not simplifv matters much since the amount of long-term
damage caused by neutrons is dependent on many variables. These variables include
neutron energy. target material type. resistivity (doping level). injection level. and

temperature [14]. As a result. all these variables must be specified if there is to be

any hope of aceurately predicting the magnitude of displacement damage.
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In the case of DMOS devices. then. it is possible to reduce expected radiation
effects into four primary effects. Total 1onizing dose exposure canses threshold volt-
ages to shift and the channel mobility to degrade. 4 can cause transient upsets and
damage including burnout. energetic heavy ions can cause more localized transient
upsets known as SEUs or single event burnout (SEB). and neutron exposure can

cause increases 1n on-resistance at high fluence levels.
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CHAPTER 2: FIRST-ORDER ANALYSIS AND PREDICTION OF
RADIATION RESPONSE OF CMFETs
SECTION 2.1: GENERAL RESPONSE OF CMFETs TO
RADIATION EXPOSURE

As was previously mentioned, the sense voltage created by using a CMFET
1s potentially useful in circuit control. An example of such an application will serve
to demonstrate the potential for using devices like the CMFET in radiation environ:
ments. Figure 11 shows an example of using a CMFET in feedback control through
a pulse width modulator (PW2A). where the CMFET itself is inside the dotted lines.
The PWAI 1n this case is simply a gate biasing device which is controlled by the
voltage comparator. In such a circuit, the PWAI gate drive is diabled whenever
the sense voltage becomes equal to or greater than the reference voltage. This will
maintain an almost constant load current provided that the current ration’ = I; /1«
remnains constant with time and changing conditions. If the user 1s free to clivose
the value of the reference voltage. it may be chosen to minimize the necessary senzc
voltage and sense resistor value so ax to maximize the accuracy of the current ratio.
Hovever, if the reference voltage i1s fixed by other circuit considerations. the uscr
1s restricted te using the sense resistor value which corresponds to equal sensc and
reference voltages for the desired load current.

The potential advantage that might be derived fromn such an application of
the CMFET is a direct consequence of the feedback control aspect of the circuit.
If the effects of radiation on other parts of the circuit are ignored or assumed to
be made up of device types which are not affected by the type of radiation being
considered, it is apparent that if n’ does not change significantly under changing
conditions induced by radiation, then the fecdback control may prolong the circuit
life far beyond what it would be without the control. For example. a CMFET
circutt which maintains a reasonably constant n’ could theoretically keep the load
current constant for as long as the threshold voltage remains positive. Failure for
an uncontrolled device can be defined as a threshold voltage shift of 0.5 V (typical
for most MOSFETs but small for power MOSFETs, as will be shown). Using

this definition and assuming an original threshold voltage of 3.5 V7 (an actual
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measured value), this feedback control concept allows a tolerable shift which 1x
seven times greater than that without the feedback circuit. Naturally, any such
feedback circuit would accomplish as much. but it is the CMFET which makes this
approach practical.

This potential increase 1n circuit lifetime hinges principally on maintaining a
certain level of accuracy in n' while phenomena such as shifting threshold voltages
and increasing on-resistance take place. Therefore, i1t 1s desirable to make some
first-order calculations to see if this 1s a reasonable expectation.

A reasonable starting point is consideration of total ionizing dosc effects:
that is. the effects of threshold voltage shifts on n'. In terms of circuit operation. a
negatively shifting threshold voltage means that the PWA would drive the CNIFET
gate for shorter periods of time. Provided that the cycling time througli the feedback
loop 1s fast enough and n’ does not change appreciably. the circuit should maintain
its near-constant load current. Although using a PWAI as a gate driver actually
represents a transient switching condition. calculation of d.c. current ratios still
should give an indication of the effectiveness of the circuit under radiation-induced
changes.

To examine this situation. the basic square-law model must be re-examined.
Because only a first-order result is sought. some simplifving assumptions will be
made. First. it 1s assumed that the CMFET always remains in the lincar region of
operation. It will also be assumed that the radiation-induced changes in threshold
voltages will be slow and will be approximately constant over short periods of time.
Neither of these are unreasonable assumptions and actually do apply in a number
of interesting situations. In particular. the assumption of slow changes in thresh-
old voltages corresponds to a space environment. In additon. the gate and draim
voltages will be treated as constant values and only the threshold voltages will be
allowed to vary. all of which is realistic for the PWA example circuit. Having made

these assumptions. it is possible to carry out a simple analysis.
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By simply inserting a new term for the threshold voltage shift., AV, the
new d.c. load current is given by

1
T

I = 2K, [(Var — Vrr = AV1L )N Vbs:) — = Vst 2. (9)

Similarly. the new d.c. sense current is given by

- - , . . . . I . 2
IS = 21\5{(\ G1 — \’TS — AV TS — A Scnse)(\ Dst — V Sense) - 3(\ DS1 — \ Sense) ]
(10}
However. Vg, will also change when Is changes since
\'Jensv = I\ Rb'cn,w- (11

where Rgensc has a value that is fixed by (7) and (8) for 17 equal to the initial

threshold voltage. Thus,

Is = 2Ks[{(Vgr — Vs — AVTs — IsRsense VDs1 — IsRsense)

1 .. ) (12)
e 3(\ DS1 — ISRSvnsc-) ]

Solutions to this equation are best found iteratively. By solving these current equa-
tions for particular threshold shifts. the resulting current ratio is found easily from
n' = I;/I¢ for the combination of Vp; and V7 of interest. The possibility of
asymmetric shifting in the threshold voltages is allowed because of the different
gate biasing levels seen by the load and sense gates. (Although any asymmetry
would be expected to take the form of a more rapidly shifting load threshold. the
opposite case is also included for completeness.) As will be shown. such asymme-
try is to be avoided. Avoiding asymmetry means that Vs . should be made as
small as possible. Because this is desirable for other reasons as well, this condition
presents no great obstacle.

These results are only meaningful when compared to some kind of control
condition. A common specification for failure due to threshold voltage shifts in

non-power applications is a shift of 0.5 V. Without the feedback loop. a negative
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shift of this magnitude corresponds to an increase in I; of 8.6% . Therefore. only
shifts in n' greater than 8.6% will be considered to be circuit failures®.

Looking at Table 1 shows that for AV, = AVrg. failure occurs for a thresh-
old shift of approximately 1.75 V. (Parameters used in this example calculation are
given in Table 1.) This is almost a four-fold increase in tolerable shift for the circuit
as a whole. Table 1 also shows that. if Vpp shifts faster than Vg, failure is reached
much more quickly. so this situation must be avoided whenever possible.

The effect of using a smaller seuse resistor value 1s shown in Table 2. Here
Rsense = 70 Q. corresponding to a Ve, ne, = 0.63 V for I = 10 A. The shift in 12’ for
AVrp = AVrg is appreciably smaller in this case. The results in Table 2 would scem
to imply that circuit failure would not occur until V4 becomes zero. Additionally.
the smaller resistor value implies a smaller chance of asymmetric threshold shifting.

Such a situation is promising particularly in the case of a higher initial thresh-
old voltage. If the initial value 1s 3.5 V (an actual measured value for this device)
and if a small enough resistor value can be used to keep n’ from <hifting more than
8.6%. then it may be possible to increase the useful circuit life by seven times over
the life of a circuit without the feedback loop made practical by the CMFET. Such
favorable indications provide the impetus to examine this situation more closely. It
1s possible that not ouly may this particular circuit have increased radiation hard-
ness at relatively little expense. but that the concept itself could be applied to many
other situations.

While the analysis above appears to vield promising results. the operating
couditions whiclhi were chosen represent something of an extreme with respect to
the typical operating conditions for power devices. In most applications. such as
switch-mode power supplies. the power device 1s switched at a high frequency and
the “on™ state is typically well within the linear region (V5 — V9 < Vpe). This

means that as long as the threshold voltage allows the device to be turned completely

* For this analysis, values such as Vo N Vpand Vo were taken from or
calculated from carly-release data sheet information for the NITP10N25M CNMFET.

They may not necessarily represent measured valnes.
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Table 1: Percent current ratio shift for various
threshold voltage shifts. Parameters as shown.

LV7s(V)

0 -05]-10}-15|-20

0 0 -581 -10 | -15 | —-19

-05| 86 | 24 |-29-75| —-12

=
E ~10| 17 | 10 | 47 -02|-45
< ;
-1.5| 26 19 13 J’?.z 2.6
20| 34 27 201‘ 15 | 9.6
Viense =1 V @ 1;=10 A Reense =131.8 ohms

K =253.55E-3 A/V< Kg=298.29E-6 A/V>




Table 2. Current ratio shift

resistor value.

AVT (V) n’ A%n'
0 1105 -
-0.5 1122 1.54
-1 1139 3.08
-1.5 1156 4.6
-2 1173 6.15
—-2.25 1181 .88 -
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on and off. the magnitude of the threshold voltage does not affect device operation
significantly. In other words, the threshold voltage may shift negatively unul it is
equal to the low gate-to-source bias level or positively until Vs — Vo and Vs are
of the same order of magnitude at the high gate-to-source bias level without having
much effect on the performance of the device in the circuit.

Such a situation may seem good at first glance. but it should be noted that
the rate of threshold voltage shift is a strong function of oxide thickness [18]. There-
fore. while most power MOSFET circuits can tolerate large shifts in threshold volt-
age. the thicker gate oxides necessary for power MOSFETs result in a significantly
more rapid failure from threshold shift than for many ordinary MOSFETs with very
thin gate oxides [29]. However. as noted earlier. CMFET-tyvpe devices may still be
desirable for use in radiation environments because of the benefits that they can
provide which are not related to radiation response.

Thus. 1t i1s 1mportant to be able to apply results concerning the radiation
response of the current ratio to CMFET use in other applications. This is a very
straightforward problem since the requirement for current-ratio stability 1s the same
as for the hardening concept above. Although the required accuracy will be depen-
dent on the application. it is important to know what the limitations of such devices
are with respect to radiation exposure.

The next situation of interest is that of increasing on-resistance from a neu-
tron fluence. Examination of the situation reveals it to be directly analogous to
a changing n’ from thermal excursious. Therefore, it is useful to use the same
on-resistance model that was used in that case (Figure 5). Once again both on-
resistances should change by the same factor since the conditions pertinent to
neutron displacement damage. such as resistivity, temperature. and injection level
should be very nearly identical throughout the entire CMFET. For most types of
resistors, the resistance will not change in the same manner as the on-resistances. so
the ratio n' must change. Using rhe on-resistance model allows a simple calculation

of the possible magnitude of changes in n'.




The model [11] shows that n' may be found simply to be

Ill _ Tdm(on) T RSen:«e ' (13
T'ds(on)

Since, as stated earlier, Rgenge 1s normally 10% to 100% of rgm(on). for a large

increase 1n on-resistances n' becomes approximately

n, _ Tdm(on) (14’
Tds(on)

if Rgenee remains constant. However. rguony = NTds(on). SO 1’ approaches n for
large increases in on-resistance. Therefore the larger the initial current ratios. the
larger the possible change in the ratio from neutron bombardment. Since the initial
n' is larger for larger sense resistor values. once again there is a motivation for
making Rgen,e as small as is tolerable. The results from using the simple technique
outlined above are shown in Table 3. Clearly. such shifts in the current ratio are
not tolerable, yet there may be a wayv around this problem in some situations.

The on-resistance model shows that if Rg.,, were to change at the same
rate as the on-resistances in the CMFET. then the ¢ -ent ratio would remain
constant. In order to accomplish this. the materials and conditions found in the
CMFET must be matched as closely as possible. An approximate match is found
in a semiconductor resistor of the same resistivity as the n-epi drain region. Unfor-
tunately, a constant n' and an increasing Rgens also means an increase in Vg, pq,
at any given load current. However. for a large enough initial Rg . increasing
this resistance has little effect on Vg, as shown in Figure 12. Thus. the user is
faced with a trade-off between accuracy in a high-neutron fluence environment and
accuracy in linearity and thermal excursions. Nevertheless. 1t is gquite possible that
situations may exist in which changes from neutron effects are the most important
consideration.

It is useful now to cousider how this compares to using an ordinary power
MOSFET and a series power resistor for current sensing. In such a situation.

the sensing voltage would not lose any accuracy from a neutron fluence unless
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Table 3: The dependence of current ratio shift
on sense resistance in a neutron environment

RSense (M) A%n’max
131.8 -35.5
70 —-23.1
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displacement damage in the wire windings of the resistor was enough to inerease its
resistance, which s unlikely.

Next. transient radiation effects on the CMFET will bhe addressed . As far as
hardening against SEU effects is concerned. no advantage is to he expected from
the use of a CMFET. If the CMFET actually monitored load current rather than
simply murroring 1t. hardening might be possible.  Sinee this 15 not the case.
heavy 1on could actually disrupt a significant portion of the load section without a
noticeable effect on the seuse section. In fact. CNFET schenies may be worse than
other sensing schemes sinee they would be less likely to deteet such an upset.

There 15, nevertheless. hope for better performance i the case of 4. Sinee
4 affects the entire device the offects on thie load section would be reflected 11 the
sense section ax well. This allows the use of the sense voltaee as a detector for <
particularly if the sensing cells are inreurionally made more sensitive to such pulses
so that protection would alwavs oceur hefore the load section could be upset. Fop
exammple. & sutficiently large sense voltage mdicating radiation-induced phoroeur
rents and resulting breakdowi could trigeer the mterruption of the drain-sonree
voltage for a long enough time to allow most of the excess carriers ro recombiie.
Thus. af the cireurr could withstand such an interruption. 1t would be effecrively
immune to the deleterious efteets of 4. This 1s important because. without protec
tion. the sensitivity of DAMOS power devices to dose-rate upset aud the large reverse
voltages seen by such deviees usually forees the designer to derate the maximu
allowable reverse bias severely. necessitating the use of devices with mueh higher
voltage ratings. These high voltage deviees are typically more expensive and may
have higher on-resistance.

Although the CNMFET is at best no better thau ordinary NMOSFETs for SEU
and nentron fluence situations. there is substautial promise for the other situntions.
CMFETs shiow a possibility for providing an advantage i total 1onizing dose s
wations 1 certain special case and for bheing at least as good as normal power

MOSFETs i1 most other application cirenits. Also. CNMFETS <how great promise

for nse as = detector to provide upset protection for the power cirent
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SECTION 2.2: ANALYSIS OF RESPONSE TO TOTAL-DOSE
EXPOSURE DURING LINEAR OPERATION

At this point. the results that would be expected for total dose exposure
based on the qualitative behavior of the first-order MOSFET model will be dis-
cussed. Since the effects of asymmetric shifting of the threshold voltages have
already been discussed in the previous section they will not be repeated here.

The linear region of operation will be examined first. Since any changes in '
would have to be a consequence of the differences in the form of the current-voltage
responses of the load and sense sections. as they are used in a circuit. this response
gives insight as to how n' should change with exposure to lonizing radiation.

It has already been noted that the presence of a nou-zero sense voltage will
degrade the lincarity of n'. and it is precisely this degradation which should explain
any shifts in n' due to threshold voltage shifts. More specifically. if the load and
sense sections of the device respoud differently to chianges in voltages applied to the
circuit. it 1s quite reasonable to expect that »' will shift if these voltages change.
The question. then. is what should be the magnitude and direction of the shifts?

The direction of shifts 1s shown simply by examining the relative differences
i behavior of the load and sense sections. In the linear region of operation. the
presence of a sense resistor gives the Ip versus Vpg plot for the sense section a dif-
ferent shape from that of the same plot for the load section. (The actual experiment
will be anticipated here by assuming that there is non-negligible parasitic resistance
in the source lead of the load section.) If the sense and parasitic voltages are equal.
then the plot for the sense section will simply be the plot for the load section scaled
down by the factor n. meaning that the current ratio will be invariant with respect
to Vs, However. this is a trivial caxe. If the sense voltage is greater than the
parasitic voltages in the load leads, the plot will be more lincar than that for the
load section over the same range of 1,¢. In other words. line sense current is no
longer an exactly scaled version of the load current. If the sense voltage is smaller.
the plot for the sense section will be less lincar than the plot for the load section.

Therefore. 1 the case of sense voltage being greater. iff V6 1s decreased.

the load current will decrease more <lowly than the sense eurrent times the original
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n' and n' will iucrease. For the case of parasitic voltage being the greater of the
two, if Vpgy 1s decreased. the load current will decrease more quickly than the sense
current times the initial n’', so n’ will decrease.

To relate this to radiation effects. the qualitative changes in the plot of Iy,
versus V| ps; must be considered when threshold voltage shifts negatively and 15
is held constant. If Vpg; is also held constant or decreased (for a constant load
cuirent ). the sperating point for both the sense and load sections changes such that
it 1s at a smaller Ve, relative to that needed for saturation. than it was prior
to irradiation. Qualitatively. then. this is very similar to merely decreasing V7,4,
Therefore. it is to be expected that under the testing conditions. if effects on Ko
and I\'; are ignored. there will be a downward shift of n' if Vi, ., is less than the
parasitic voltage and upward if Ve, . is the greater of the two.

While the non-idealities of real devices make a precise quantitative analysis
unwieldy. it 1s possible to make a few observations about the relative magnitudes
of any expected shifts. When V¢ = 15 > V6. the operating points are already
far from the saturation point and reducing the threshold voltage does not change
this relative position much. It is expected. then. that very small shifts in n' would
take place for this condition. even for large sense voltages. In addition. as was
noted earlier. non-linearity in n’ is minimized for small sense voltages. Therefore.
the largest changes should be for large sense voltages and an initial operating point
near saturation, and the smallest changes should be for small sense voltages and

starting with V561 — 1 > Vg,

SECTION 2.3: ANALYSIS OF RESPONSE TO TOTAL-DOSE
EXPOSURE DURING SATURATION OPERATION
The other operating condition of interest is that of decp saturation. that is.
Vs — Vi < Vg Analysis of this situation is much simpler since there is almost
no dependence on Vg The current i each section is dependent simply upon
the square of the gate voltage minus the quantity of the threshold voltage plus the

sense or parasitic voltage. as applicable. Therefore, unless the parasitic and sense
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voltages are always equal. n’' must change as threshold voltage shifts. especially
when those voltages are. themselves, dependent on the currents which are functions
of the threshold voltage (for non-constant current situations).

It is easily shown that if Vg.,e 1s consistently larger than the parasitic
voltage and the difference between them does not decrease, n’ must increase. since
the load current rises more rapidly. Conversely. if Vsense is smaller and does not
become larger than the parasitic voltage. then n' must decrease since the sense
current would then be the one increasing more rapidly.

It should be expected that shifts in n’ will be larger for operation in satu-
ration than for linear operation since there is @ squared dependence on the terms
affecting the shift rather than a linear one. Again the shifts should be minimized
for sense voltages which do not differ much from the parasitic voltages (or for small
sense voltages if parasitics are not present). Because of the high currents associated
with saturation operation of power MOSFETs. only relatively low gate biases are

normally used. so the dependence of shifts i »' on this voltage will not be discussed.

The descriptions of DMOS devices. CMFET operation. and basic radiation
effects allow one to examine the effects of radiation environments on CMFETs.
A first-order examination indicates that significant radiation hardening may be
achieved through judicious circuit application of the CMFET. The possibility of
very small changes in the current ratio n', especially for linear operation. is also
predicted.  Yet, while all this looks quite promising. it is only by experimental
verification through exposure to radiation environments that firm conclusions may
be reached. It is shown in this work that such experiments confirm the first-order

predictions.
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CHAPTER 3: SETUP AND EXPERIMENTAL PROCEDURE

The analysis of Chapter 2 was verified through experimentation. The focus
of the experiments was not on the PWM circuit shown in Figure 11, but on the
d.c. circuit of Figure 13. The latter circuit was judged to be more likely to vield
information on the basic radiation response of the CMFET itself in a clear fashion
because of the absence of control circuitry. Additionally. only total ionizing dose
testing and limited 5 testing proved to be practical for the scope of this work.

Although it would be preferable to use an equivalent circuit SPICE simu-
lation for second-order predictions before proceeding with an experiment. such a
simulation was not possible for the CMFET. SPICE simulation was not possible
because of the unavailability of many of the important parameters necessary for a
level 2 simulation. Therefore, it was necessary to begin experimentation without
the benefit of further simulation.

The circuit in Figure 13 shows the actual circuit used and the external con-
nections that were employed. During irradiation, the circuit was operated with the
relays closed. Biasing was provided by a BK 1630 power supply supplying a gate
biasing voltage and by a Hewlett-Packard 6023A autoranging power supply for the
drain to source biasing voltage. Sense voltage was rcad using a Fluke 77 digital
multi-meter (DMM) connected to the mirror terminal. The load current. Iy, was
measured using the current-monitor terminals of the 6023A read by another Fluke
DMM. To allow easy interchange of the CMFET devices, the CMFET was placed in
a socket after bending the device pins into the proper configuration. For the sense
resistor, a 1 k{2, ten-turn potentiometer was used. The parasitic resistances shown
are the result of the long (approximately 20 ft.) lines necessary for remotely biasing
the circuit while in place in the Co®’ irradiation facility. (All lines longer than a
few inches were coaxial cable with shielding grounded at both ends.) Because of
the parasitics and the voltage drops associated with them. separate grounds were
used for the load and sense currents.

It should be noted that because of the heat dissipation large enough to

damage the CMFET (junction temperature > 150 Celcius), it was necessary to
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mount the package on an anodized aluminum heat sink and use a fan to remove
the heat. Even after taking these precautions, it was not possible to operate the
device in a steady state at currents greater that 3.5 A without risking damage to
the device from overheating.

Following each irradiation, threshold voltages and I'pg versus Vps measure-
ments were made using a Hewlett Packard 4145B semiconductor parameter ana-
lyzer. For these measurements, the relays were opened. The sense and load por-
tions of each device were tested separately , using the appropriate terminals and the
stimulus and measurement unit (SMU) connections shown in Figure 13. Because
of the large currents typical of the load portion of CMFETs, the 4145B alone was
not sufficient. It was. therefore, necessary to remotely operate the 6023A supply
through its voltage program and current monitor terminals. Operating in this mode.
the supply will output a voltage four times larger than the input program voltage
and will show a current monitor voltage with one-sixth the magnitude of the out-
put current. Voltage programming and current monitoring were accomplished via
SMTU1 and SMUS3, respectively, of the parameter analyzer. This method was found
to provide accurate results through comparison to direct biasing and measurement.

To measure the threshold voltages, the square-root of the drain current was
plotted against the gate-to-source voltage with a sufficiently high (e.g. 10 V') drain-
to-source voltage to assure operation in the saturation region. The two points
nearest the point of maximum slope were then used to perform a straight-line ex-
trapolation to the x-axis intercept to yield a threshold voltage. [It was important
when measuring the threshold voltages for the load section to include the voltage
drop due to the parasitic resistance of the source line (0.275 ).] From the same
plot, the constants K; and K'g were extracted by simply squaring the slope of the
same extrapolation line. Sample parameter analyzer programs are shown in the
Appendix.

Two current-ratio measurements were made for each set of measurements.
The first was the measurement of n’. This was accomplished in a very straightfor-

ward manner. The load current was divided by the sense current found from the
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measured values of Rgense and Vsenge. Finding the intrinsic current ratio of the
device, n, was not so simple.

Although the manufacturer measures the intrinsic ratio under a specific set of
biases regardless of how the device is actually used, this was judged to have limited
merit for typical applications. A more meaningful measurement uses the load and
sense currents which result when biasing is at the same levels as during operation,
but with the mirror terminal returned to ground directly rather than through a
sense resistor. The intrinsic ratio which was measured was only about half that
which was published by the manufacturer, even when measured in the same way.
because the large parasitic voltage drops reduced the resulting load current.

While it is felt that the measurement methods used were sufficiently accu-
rate, it is wise to include an estimate of the errors inherent to the measurements.
Comparison testing showed threshold voltage measurements were in error by a max-
imum of £0.05 V" from noise and ground level fluctuations. The corresponding errors
in K and I's were found to be about +2%, for the same reasons. Sense voltage
measurements were found to vary less than 8 mV from the actual values at the
sense section source due to parasitic drops and ground potential fluctuations. The
load current measurement accuracy was within 10 mA, giving a current ratio mea-
surement accurate to within about 1.5% of the actual value. Although these error
estimates are not the result of exhaustive analysis, they represent the proper order
of magnitude necessary to justify confidence in the measurements used for analysis.

The test circuit was irradiated in the Co%® gamma ray irradiation facility
operated by the Department of Nuclear and Energy Engineering at the University
of Arizona. The die were perpendicular to the gamma beam. This facility contains
a Co®® source with an activity of about 200 Curies mounted to provide a beam of
gamma radiation in a cavity with the approximate dimensions 12 x 14 x 36 inches.
The dose rate nsed was approximately 166 rad(Si)/s and was calculated from a for-
mula based on the inverse-square relationship between dose rate and distance from
the source. which has been calibrated through measurements performed through
the National Bureau of Standards. Measurements were taken at intervals such that

the shift in threshold voltage was relatively small between measurements (less than
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0.25 V), and they were taken while the circuit was shielded from the radiation
source.

By the methods outlined above, shifts in n’ were tabulated as a function of
threshold voltage shift as well as a function of total ionizing dose. This procedure
was performed twice for most distinct sets of circuit conditions and once for some
of the saturation cases since there was a limited supply of test devices and these
cases were deemed least important. Circuit conditions were varied by providing
different values of sense resistance and by changing initial biasing voltages to set
the region of operation (i.e., linear or saturated). In terms of relative values of sense
resistance, 20 Q was judged to be a representative low value, 100 2 a moderate value.
and 1000 © a very high value. However, some other values were used in order to
produce sense voltages that differed from the load source potential by a reasonable
margin (about 100 mV) to compensate for the parasitic voltage drop. In some
cases, voltages were held constant throughout the irradiation and the current was
allowed to change. In other cases, load current was held constant with changing
drain-to-source voltage or gate-to-source voltage, as appropriate, to simulate the
current level of a constant-current feedback situation.

After collecting this basic data, the circuit of Figure 14 (similar in concept
to the PWM circuit) was used to demonstrate the principle of adaptive control for
compensation of radiation-induced effects. For this circuit, an operational amplifier
(LF357A) was used to bias the gate of the CMFET. The goal of this circuit is to
adjust the gate drive for a CMFET which is in saturation so that compensation
will be made for shifts in threshold voltage. The output of this op-amp is simply
the difference between the reference voltage, V,.s, and the sense voltage. Vsenae.
multiplied by the closed-loop gain of the op-amp, where V,.sis given by a 25 kQ
potentiometer biased by a 1.5 V battery. The closed-loop gain of the op-amp is
approximately %]2 When the gate isolation resistor, R;,,, is of a sufficiently high
value, the circuit will not oscillate. but instead will simply stay at a stable operating
point determined by Ry, R, Vi.y, and Rsense. C1 and C, are used to filter noise

and have the values of 0.33 uF and 10 uF respectively.
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To test this circuit, the CMFET was irradiated under a constant gate bias
and periodically removed and placed in the op-amp circuit to measure changes,
after the threshold voltages were measured in the same manner as before. To
monitor changes in the performance of the op-amp circuit, load current was again
measured using the current monitor voltage of the 6023A and Vi.s, Vsense, and the
output voltage of the op-amp were measured with a Fluke DMM. This procedure
was followed for different values of closed-loop gain. sense resistance, and reference

voltage.




CHAPTER 4: RESULTS FROM TOTAL DOSE EXPERIMENTS

The results from the total-dose experiments were very encouraging. showing
that CMFETs can be used in total-dose environments under certain conditions.
There were, however, difficulties in interpreting the results which should be consid-
ered before the results themselves are discussed.

The principle difficulties involved in analyzing the response of the devices to
total 1onizing radiation dose were parasitics in the circuit and non-idealities in the
device itself. Parasitics were a problem because of the high currents being used.
Such high currents resulted in voltage drops on the drain and source lead that
were on the order of one volt. The reason that this was problematic was that the
source potential of the load section was not a constant, as the ideal equations used
previously assumed, which drastically altered the current ratio. This effect tended
to obscure the radiation effects on the ratio if the current level in the load section
was allowed to change.

The parasitic effects were dealt with by keeping the load current constant by
changing Vps; (or Vgs, if operating in saturation). By keeping the load current
constant in this manner, it was possible to better distinguizh radiation effects from
parasitic effects.

The non-idealities mentioned above refer to a departure from the behavior
predicted by the simple square-law equations used for the first order calculations.
Although such a departure was not unexpected. it made the analysis of the radiation
effects more complicated. There were two primary non-idealities. The first was
saturation at a higher drain-source voltage than the simple model predicts. The
other effect was lower than expected saturation current. Combined, these two effects
resulted in lower than expected currents in the linear region of operation as well as
a decreased slope in this region. One notable result of these effects is that deviation
from predictions is not constant within the linear region. Instead. deviation was
least at low currents and near the onset of saturation and greatest approximately

midway between these regions. Figure 15 shows a representative example.
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These non-idealitics can be explained by inadequacies of the simple mode]
The effect of the late onset of saturation is easily explained by noting that a more
complex model which accounts for ionic charge variation along the chaunel predicts
such behavior[l4]. The lower saturation current is a result of the combination of
ionic charge variation and the reduced carrier mobility brought about by the heating
of the die from power dissipation which becomes significant at the higlier currents
tyvpical of saturation in a power MOSFET.

The net effect of these non-idealities was that the radiation response can
not be quantitatively explained in a simple fashion using any tractable current-
voltage equations. Therefore, although the devices did qualitatively obey the form
of the simple equations, explanation of the response must be the result of more
careful examination than would be the case if the devices were to follow the simple

equations more closely.

SECTION 4.1: OPERATION IN THE LINEAR REGION

The results which are of greatest interest are those pertaining to the linear
region of operation. because this is the operating mode in which CNFETs are
most likely to be used. As a consequence. testing efforts were concentrated on tlis
topic. The resulting data fits the theory quite well, even with the inclusion of some
unexpected effects.

The first notable result was the absence of any significant asyvmmetry in
the shifts of threshold voltage under any but the most extreme conditions. A
representative plot of threshold voltage shift versus total dose is shown in Figure 16.
Using a margin of error of £0.05 V for the threshold voltages. the amount of shift
was equal for both the load and sense cells, even for the largest sense resistance
value (1 kS?). This means that the sense resistance need not be kept small to avoid
such asymmetry. although it may be desirable to do so for other reasons.

The lack of asvinmetry is not at all unreasonable when one considers the
problem. The magnitude of the electric field in the gate oxide only affects threshold

shift in a strong manner over a hmited range [12]. At higher magnitudes of electric
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field. the reduction in initial recombination is not affected much by even higher fields
since little recombination is taking place. If this is translated to gate biasing. at a
high enough gate bias, a much higher bias is necessary to noticably affect the rate
of threshold shift. Add to this the fact that at a high bias level. such as 10 V| even
such a high voltage difference as 500 mV means only a difference of 5% between the
field in the load gate oxides and the sense gate oxides and it seems quite reasonable
that differences in the rate of shifting between these sections would not be noticable.

Another, more unexpected, result was a slight, but noticable asymmetry in
the degradation of A'; and K's. While in a few isolated cases the asymmetry was
greater than 10, for almost all cases the asymmetry was within a few percent. Be-
cause no pattern could be established that would allow prediction of the magnitude
or direction of this asymmetry. it is believed that this phenomenon is attributable
to a combination of measurement error and statistical fluctuations.

The effects on the current ratio. n', were as expected from the first-order
analysis under the condition of equally shifting thresholds. When the sense voltage
was greater than the parasitic voltage at the load source, n' shifted positively. When
the sense voltage was less than the load source potential. n' shifted negatively.

Although the qualitative behavior was as expected, the magnitudes of the
observed shifts in n' were very encouraging. The best and worst cases are shown
in Figure 17. The worst case situation was when the load section was started near
the edge of saturation and with a sense resistance such that a large sense voltage
was produced. In such a case. positive shifts in n’ of up to ™ were observed for
a threshold shift of over 2 V (at 49 krad(Si) total dose). As expected. the best
case was for Vpg; € Vg1 — Vr and a small difference between the sense voltage
and the parasitic voltage. For the best case, no shifts larger than the margin
of error were observed for threshold shifts of almost 2.5 V' (at 40 krad(S1) total
dose). Equally significant was the result that for small effective sense voltages (the
difference between the voltage across the sense resistor and parasitic source lead
voltage drop) there were similarly small shifts in n' for any linear region operating
conditions. Because the best case conditions are identically those which are most

likely to be used. the results show that the current sensing function of CMFET -type
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power devices would not be altered in a significant manner by exposure to ionizing

radiation at a low dose rate.

SECTION 4.2: OPERATION IN THE DEEP SATURATION REGION
For an initial operating point deep into saturation, the effects on the current
ratio n' were very much as expected. There were relatively large positive shifts
for the worst case of large effective sense voltage; but, for cases with symmetric
threshold shifts, even the worst was less than 7% for nearly two volts of thresh-
old shift (40 krad(Si)) at constant current and less than 10% for constant applied
voltages after nearly one volt of threshold shift (26.5 krad(Si)). Figure 18 shows
some representative data. For negative effective sense voltages. negative shifts were
within a few percent of the initial values. In fact, for the small values of sense resis-
tance and constant applied voltages such that sense voltage is mitially lower than
the parasitic voltage and the parasitic voltage increases more rapidly with shifts in
threshold, the shifting of n' follows an interesting pattern. In such cases. n' initially
shifts negatively and then begins to shift positively. surpassing its initial value for
a net positive shift. Such a pattern is completely consistent with the theory used
in the earlier analysis when thermal effects are also considered, as will be shown.
At the high currents (and drain-source voltages) when the device is in sat-
uration, there is significant heating of the die. This heating causes the channel
mobility to lower significantly, lowering the current at the operating pomnt. This
lower current also means a higher gate-source voltage because of the lower voltage
drops. In terms of the first-order equations, the squared voltage term in the load
current equation increases more rapidly than that of the sense current equation,
due to the more rapidly decreasing parasitic voltage for given, proportional drops
in the two currents. In other words, these equations show that the effect of a rise in
temperature is an increase in n'. Thus, there are two competing effects. At lower
currents, n' shifts steadily downward as threshold shifts, but as heating becomes
significant, the thermal effect on the current ratio counteracts this shift and even-

tually dominates it resulting in a net upward shift in »'. In the case of a large
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sense resistor such that sense voltage is the more rapidly changing voltage. then,
the opposite effect should be observed; a negative thermal shift in n' counteracting
the normal positive shift. This is precisely what was observed, and the theory was
further substantiated for the case of constant current (and die temperature) where
no such effect was ohserved. At constant current, an equivalent of the thermal effect
was observed.

The analysis above was also verified using SPICE2G.6 circuit modeling. This
was accomplished using the level 1 MOSFET model to simulate the circuit and
by changing the appropriate parameters to represent a rise in die temperature.
First, the circuit was simulated for room-temperature parameter values and n' was
calculated yielding a ratio of the proper order of magnitude. The transconductance
parameter KP was then increased by a factor corresponding to die temperature of
seventy degrees Celcius (according to the device datn sheet information) and the
circuit simulation was run again with all other parameters the same as for the intial
simulation. The resulting current ratio was found to be higher by about 7%. the
proper order of magnitude for correspondence with experimental observation.

With gate-source voltage adjusted to maintain constant current. the degra-
dation of channel mobility from radiation damage had some effect on the current
ratio. Although the magnitude of the effects was smaller, it was qualitatively very
similar to the effect of rising temperature. because the Vs, — V7 term had to in-
crease slightly to maintain a constant current. Although the situation was different
in that the parasitic voltage stayed constant in this case, this served to isolate the
effect of channel mobility on the current ratio for operation in the saturated re-
gion. Since there was no other competing effect. changes in n’ at constant current
were monotonic. For small effective sense voltages, n' changed by less than % for
threshold shifts of 2 V (45 krad(Si)). For large negative effective sense voltages,
n' decreased by less than 4%, and for large positive effective sense voltages. n’
increased by about 20%. However. the case of large positive effective sense volt-
ages and constant current was the case which exhibited a notable asymmetry n
threshold voltage shift and ouly about 6% of the shift in n' was attributable to

effects other than this asymmetry. The similarity in the results from the constant
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current experiments serves to confirm the effect of channel mobility degradation
since, as predicted, the magnitude of this sense voltage had a negligible effect on
the magnitude of the current ratio shift, as far as this effect was concerned.

The results for deep saturation operation can be summarized concisely.
When gate voltage was not adjusted to maintain constant load current, current
ratio shifts were larger than for those of linear operation with the largest (posi-
tive) shifts occurring with large sense resistances and the smallest (positive and
negative, depending on the parasitic voltage) with the lower sense resistance values.
Although at constant current the changes in n’ were comparable to those for linear
operation, the magnitude of the shifts was relatively insensitive to the size of the
sense resistance. However, although the observed shifts were often larger than for
linear operation, they were small enough (especially at constant load current) to

still be reasonable for applications which do not require a great deal of precision.

SECTION 4.3: THE OPERATIONAL AMPLIFIER CIRCUIT

In examining the response of the op-amp circuit to total dose exposnre (see
Chapter 3). it is worthwhile to note the difference in figures of merit for this exper-
iment, as opposed to those previously described. Although the current ratio is still
important, the importance is now secondary in that it is not the end result, but
only a means for achieving that result. The real figure of merit for this circuit is the
load current, since the circuit is intended to provide a constant load current that
would not be possible without the feedback made practical by the near-constant
current ratio of the CMFET. Although it is impossible for load current to remain
exactly constant in such a circuit, it was shown that it can be held very close to
constant under the proper conditions.

The reason a constant current is impossible is the consequence of a basic
property of the op-amp itself. The output of the op-amp is simply the input voltage
(the difference between V. ; and Ve, ) multiplied by a constant gain factor. In
order to keep a constant current as the threshold voltage drops in response to total

radiation dose, the output of the op-amp must drop by the same amount as the
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threshold voltage. However, for this to happen. the input voltage must drop by
that same amount divided by the closed-loop op-amp gain. The only way this can
happen is for Vsepnse to rise, corresponding to a higher load current.

The amount of shift in load current is a function of the total loop gain. The
total loop gain increases as Rgense increases and also as the closed-loop op-amp
gain is increased. In other words, higher total loop gain means that it takes a
smaller change in sense current (therefore load current as well) to produce the same
change in output voltage. The shift in load current is thus reduced as total loop
gain increases. Therefore, one chooses high sense resistances and as high as possible
a closed-loop gain, short of causing circuit oscillation, in order to minimize the shift
from this effect.

A representative choice for this condition (Rgepse = 500 Q and Ao, = 100,
where A is the closed-loop gain) yielded load current shifts of less than 6.5% for
nearly 2 V of threshold shift (40 krad(Si)) attributable mostly to the phenomenon
noted above and partially to the small current ratio shift known to occur for this
operating condition. On the other hand. for a worst case situation (Rgenge = 50 Q2
and A¢p = 10). current shift was nearly 60% at the same point. Nonetheless. in
almost all cases, the current shift was nearly two orders of magnitude smaller than
that which would have taken place for the same threshold shift using constant bi-
asing voltages. (Sample results are shown in Figure 19.) Even though this circuit
itself has limited applications, it demonstrates, in principle, both that it is possi-
ble to use the current ratio to compensate for total ionizing radiation dose effects
and that CMFET-type devices can be used in such an environment without their

current-mirroring function being significantly affected.
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CHAPTER 5: DISCUSSION OF APPLICATIONS

The d.c. biased experiments showed that for many useful operating condi-
tions. current ratio shift was either negligible or still managably small. even after
substantial threshold voltage shift (greater than 2.5 V in some cases). Furthermore.
the most useful condition (strongly linear) was the one with the lowest shifts. while
the next best was strong saturation. It was also shown that the lowest shifts for
a given operating condition occur for the lowest values of effective sense resistance
(or ordinary sense resistance if parasitic voltage drops are negligible). With thesc
favorable results in mind, it is instructive to briefly consider a few potential apph-
cations for CMFET-type devices as a part of PICs and what effect the above results
have on determining their suitability for use in radiation environments.

When integrating power and control functions. a wide variety of devices for
use on the same die are available. A fabrication process has been developed by
AT&T Bell laboratories which provides dielectrically isolated devices which range
from a lateral DMOS power transistor to normal MOSFETs and includes other
devices such as npn or pnp bipolar transistors and photodiodes [3]. Using such «
process. it is possible to create a CMFET and its control circuitry on the same dic
without worrying about parasitic leakage currents between devices. Switcli-mode
power supplies, motor controls, and 5 detection and protection (a very important
topic in radiation hardening of power MOS devices) are among the integration

applications made possible by such a process.

SECTION 5.1: SWITCH-MODE POWER SUPPLIES
One of the most cominon uses of power MOSFETS is in switch-mode power
supplies (SMPS). A basic SMPS is very similar. in principle. to the PW2A! circuit of
Figure 11. The main difference is that the drain current is coupled to a second cireuit
through a transformer. The second circuit consists of a resistance. capacitance.
and inductance network for smoothing the output current or voltage. The PW)]
circuit 1s set up so that blasing on the MOSFET gives lincar region operation

(Vs = Ve > Vpeyp). Since the voltage comparator is used m a digital fashion
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(rather than the linear amplification of thie op-amp). the circuit is never stable.
Instead. the duty cyvele of the gate bias is constantly adjusted by the feedback to
give a constant average current. The advantage of using a CMFET instead of &
normal MOSFET lies in the power efficiency and the non-disruptive nature of irs
current-sensing function and the opportunity it gives for eliminating an expensive.
bulky power resistor.

The experiments performed show that, in such an apphcation. any shift in
the current ratio is negligibly small and should not be a concern for the designer.
particularly if a small sense resistance can be used. In other words. the cireuit
designer may take advantage of the unique properties of a CMFET to mercase the
efficiency of the circuit without degrading the performance in a total-dose radiation
environment with respect to the same circuit using a conventional power NIOSFET
and series power resistor. These results are generally applicable to all CMFET-
which are designed as described in Section 1.3. since the total dose response was
shown to be a first order circuit effect rather than an effect which is dependent o
the details of the processing and lavout used to fabricate such a CMFET.

This integration may be taken a step further. Because the major radiation-
induced problem for SMNPSs occurs when threshold voltage becomes less than the
low-state gate voltage, lowering the low-state voltage would extend the totul-dosc
lifetime of the circuit. If the designer can integrate a charge-pumping circuit o
lower the low-state gate voltage from its original value to a lower value before it i~
actually passed to the CMFET gate. on the same die. there could be a pin-for-pin
replacement of an ordinary, off-the-shelf CMFET which extends the circuit’s life-
time without changing the external circuitry at all [4]. Furthermore. if a radiation
hardening process is used for the CMFET to slow the rate of threshold shifr. the
circuit lifetime may be extended even further (although positive threshold shifts
need to be considered sinece superrecovery tends to be a problem for devices made
with such a process [2]). Even if snch an implementation should prove to be imprac-
tical. it 1s important to recognize the enhanced capabilities and efficieney available

through PICs.




SECTION 5.2: LINEAR MOTOR CONTROL

Another application example is to use the op-amp circuit of Figure 14 as
a variable current source for a linear motor drive by using a variable reference
voltage. This constant current drives a motor and adjusts itself for changes in
motor load and changes in threshold voltage. Again. the use of a CMFET gives
greater efficiency and lower cost. and the experiments have shown that such a control
application would suffer only small changes in accuracy in a total-dose radiation
environment, provided that the op-amp itself does not use MIOSFETs. Thercfore.
i both examples, the CMFET offers cost. power, and space savings withour a

significant reduction in performance i such an environment.

SECTION 5.3: A DOSE-RATE
DETECTION/PROTECTION CIRCUIT

The final. and most significant. application example is that of a CNMFET
used as an integral 4 detector/protector. The key mechanism for upset by < in
DMOS devices is second breakdown triggered by the avalanching of photogencrated
carriers in a strongly reverse-biased DMOS device {30]. The voltage induced by
the avalanche carriers moving through the p body diffusion can turn on the base of
the parasitic bipolar transistor that is characteristic of DMOS devices. illustrated in
Figure 1. Once the transistor is on. it can go quickly into second breakdown causing
damage or destruction of the device if allowed to continue, unmitigated [30). To
protect the device, the drain-source (collector-emitter for the parasitic) bias must
be short circuited or the gates must be turned on to dissipate the power throughout
the entire device, sinee the condition 1s only dangerous when only a few of the most
sensitive cells are upset. and all the power is dissipated in them alone. The common
nmethod used to guard against sncli occurences is to derate the amount of reverse
voltage is allowed to block to about 30-40% of the rated value. This requires the
use of more expensive, less efficient higher-voltage parts.

If the sense cells can be made more sensitive to upset than the load cells. the

sense voltage can be ased to trigger upset protection. Such a function is desirable
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because a detector which has the same characteristies as the device being protected
provides the greatest reliability. There are several possible ways to possibly make
the sense cells more sensitive to 4 which involve changing the base resistunce of
the parasitic bipolar transistor. The higher this resistance (assuming no chanee i
minority carrier lifetimes). the greater the susceptibility to 5 upset [30]. Among the
simplest ways to achieve a higher base resistance is by simply changing the size of
the cells so that base area of the sense cells is greater: this would require a changee
m the appropriate masks. Although this would change current ratio characteristies.
accuracy 1s not a primary constderation for such an application and. i any casc.
1t 1s trivial to use a few more cells for nmore accurate sensing needs. especially if
the 5 protection functions are integrated sucli that no additional external pins are
needed.

As an example of such protection. the sense voltage could turn on a bipolar
device with the collector counected to the CNMFET drain and with a grounded
emitter which would short-cireuit the drain-source bias when on. A simple resistor-
capacitor combination could be used to turn off the bipolar transistor if the RC
tine constant were longer than the generated carrier lifetime. or the designer could
simply use the dropping sense voltage to turn off the base of the bipolar deviee.
Experiments show that when such @ circuit is given a large enough 4 to cause
damage. the drain-source bias is indeed shorted quickly enough and for long enougl,
to prevent breakdown and subsequent damage. The cireuit used i the experiment
1s shown i Figure 20. Q1 acted as the load device and Q4 as the sense elemenr:
both were rated as 500 V parts (IRF420). Q2 and Q3 (MJE16004) were used as the
clamping device and the inductor represents the load. An electron linear accelerator
(LINAC) was used to simulate 4 (Little Mountain LINAC. Ogden. UT). M1, M2,
and M3 were voltage monitors and CT-2 was a current probe.  To measure the
actual dose-rate. a PIN diode was mounted in front of the test cireuit.

Figure 21 shows the relevant results of the testing for a 1 ps pulse at 1.7 x

10" rad/s. Figure 21a shows that shortly after the pulse, the drain-sonuree voltage

was momentarily clamped and then recovered gquickly. Figures 21 and 21¢ show the
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sense voltage and base voltage of Q2. respectively, illustrating how the photoenrrent
triggers the clamping action. Figure 21d shows the rapid rise in inductor curre
which is necessary for the 400 V to be dropped across the inductor during the
clamping. None of the parts were damaged during the test.

Figure 22 shows the results for the same pulse given to Q1 without the
protection circuit. Figure 22a shows the drain-source voltage collapsing from pho-
tocurrent fiow without recovery. becanse transient burnout resulted from the onset
of second breakdown. Figure 22b shows the inductor current ax it rapidly ran away.
signalling second treakdown in the transistor.

The net result. then. is that with the sense element used in o detec-
tion/protection circuit, the entire device was protected from transient burnour.
Without the protection. the device burned out. This shows that. if such a protec-
tion circuit 1s used. the need for voltage derating for 3 considerations is effectively
eliminated. This provides a solution to a radiation hardening problem of major
proportions i a cost-effective manner and has the possibility of allowing impleien-
tation without external circuitry modifications through fabrication of the entire
circuit as a PIC. Such an approach allows enhanced performance. streamlined de-

sign. and reduced cost.
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CHAPTER 6: CONCLUSIONS

Radiation tests were conducted on current-mirror MOSFETs. which allow
a nearly lossless sensing of load current (defined by a current-ratio n') and are aun
important element of many PICs. Total-dose radiation testing was performed under
d.c. biasing conditions for three different operating conditions and for operation in
an op-amp test circuit designed to provide a constant load current.

Strongly linear operation was found to be the best operating condition with
respect to the constancy of ', with strong saturation being the second best in most
cases. Deep saturation was found to have the greatest potential for problems wirh
n' shifting. depending on circuit conditions. For the best cases. no change w0/
was seen. while a change of 209 was the worst observed case. In all cases. <hafrs
in n' were largest when the sense resistance was large and minimal when the sense
voltage was approximately equal to the parasitic voltage (equivalent to a very smiull
sense resistance if parasitics are negligible). The op-amp circuit showed mininmm
current shifts of 6.5% for high total loop gain and a maximum of 60% higher for
low total loop gain. both after significant shift< in threshold voltage. The net resulr
of this testing is that. in most cases. designers can take advantage of the benetits of
PICs as far as the performance of the current mirror in a total-dose environment is
concerned. particularly if sense resistance can be kept small. However. the cireuit
designer should also be aware that there are cases where current ratio shifts from
total-dose exposure may be greater than can be tolerated.

Application examples were also examined using these results and = testing
results.  This examination showed the advantages inherent to using PICs rathe
than discrete power and control devices. Proposed applications included switeli-
mode power supplies, linearly variable motor controls. and an integrated dose-rate
upset detector/protector.  The feasibilty of the motor control circuit was shown
using an ~p-amp feedback-controlled circuit. The feasibility of the dose-rate up-
set detector/protector was shown experimentally using a discrete device circuit to
approximate an integrated circuit version of the eirenit. These applications demon-
strated that PICs, and CMFET-type deviees in particular. can provide at least

the same performance as diserete devices i certain radiation environments and. 1
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some cases, they provide improved performance and longer radiation lifetime. This
was shown to be particularly true for the dose-rate upset protection circuit, whicls
showed, conclusively, that a sense voltage can be used to control a voltage-clamping
circuit to prevent transient burnout without having to derate the voltage (a signif-
icant achievement). For all cases. PICs perform these functions while maintaining

a design that is more efficient in volume. cost. and power.




APPENDIX

*xx CHANNEL DEFINITION

NAME SOURCE

CHAN \4 I MODE | FCTN
SMU1 | VD 1D \ CONST
SMU2 | VG IG v VAR1
SMU3 | VIDS I0S I CONST
sSMu4
vg 1| = @@ | mm=—- \4
ve 2 | =@ | mm==- v
Vvm 4 | | ——=—— ———= | ===
vm 2 | | ——-== — —

USER

FCTN INAME (UNIT) = EXPRESSION

1 VGG (Vv )= VG-1.83%VIDS

2 II (fA) = I (BwvIDS)

wx¥NN®* SOQURCE SET

UP 3% % % % %

VAR1 VAR2
NAME vG
SWEEP MODE | LINEAR LINEAR
START 2.0000V
STOP 6.0000V | ——————
STEP .0750V
NO. OF STEP 54
COMPLIANCE 100 .0mA
CONSTANT SOURCE COMPLIANCE]
VD Y 2.5000V 100.0mA
105 I .000 A 5.0000V |
Load-section threshold voltage program

for

the HP4145B.

73




a3 CHANNEL DEFINITION »xx

NAME SOURCE

CHAN \'4 I MODE FCTN
SMU1 | VD 1D Y CONST
SMU2 | VG 16 vV VAR1
SMU3 | VIDS IS COM | CONST
SMU4
ve 1 | @ | m=——- \%
vs 2| @@ | ===—=- v
vm 1 { | = —_———— ————
vm 2 | = | === - [ ===

USER

FCTN NAME (UNIT) = EXPRESSION,

1 PLOPE (BR) = AID/ (AVGM/ID)

2 11 (fa)= {10

»axx¥® SQURCE SET

UP %% ¥%xx%

for

VAR1 VARZ2
NAME VG
SWEEP MODE | LINEAR LINEAR
START 2.0000V
STOP 6.0000V | ————=—=-
STEP . 1000V
NO. OF STEP 41
COMPLIANCE 10.00mA
CONSTANT | SOURCE _ COMPL IANCE]
VD Y 10.000V 100.0mA
VIDS __COM .0000V 105.0mA
Sense-section threshold voltage

the HP4145B.

progratn




(=1

6

REFERENCES
D. L. Blackburn. T. C. Robbins and K. F. Galloway. "V'DMOS Power Trau-
sistors Drain-Source Resistance Radiation Dependence” IEEE Trans. Nucl.

Sci.. NS-28 (6). 4354, Dec. (1981).

R. D. Schrimpf. P. J. Wahle, R. C. Andrews. D. B. Cooper. and K. F.
Galloway. “Dose-Rate Effects on the Total-Dose Threshold-Voltage Sluft of
Power MOSFETs." Accepted for publication in IEEE Trans. Nuel. Ser. (61
NS-35, Dec. (1988).

M. N. Darwish. M. C. Dolly. C. A. Goodwin. and J. L. Titus. "Radiation
Effects on Power Integrated Circuits.” Presented at IEEE Nuclear and Spice
Radiation Effects Conference (NSREC). July. 1838 and submitted for publi-
cation in IEEE Trans. Nucl. Sei.. NS-35. Dec. (19885,

M. J. Martinez. J. P. Retzler. S. L. Rainwater. R, D. Schirimpf. and . F. Gal-
loway “Hardness Enhancement for Power DNMOS.” manuscript under prepie

ratioinn.

J. H. Hohl and K. F. Galloway. “Analytic Model for Single Event Upset of
Power MOSFETs." IEEE Trans. Nucl. Sci.. NS-34. 1275 (1937

AL D. Pocha. A, G. Gonzalez and R. W, Dutton. “Threshold Voltage
Controllability in Double-Diffused MOS Transistors,” IEEE Trans. Electron
Devices (12). ED-21. 778, Dece. (1974).

F. Goodenough, "MOSFET Measures Current with No Loss.” Eleetronie
Design News. 34, 59. Feb. 20 (1986).

W. Schultz. *Sense-cell MOSFET Elinunates Losses i Souree Cireuit.”
Electronic Design News. 31. 169. June 26 (1936).

G. Fay. “Current-mirror FETs Cut Costs and Sensimg Losses.” Eleetronie
Design News, 31, 193, Sep. 4 (19%6).




10

11

12

13

14

15

16

17

18

19

20

6

W. Schultz and J. Alberkrack. “Current Sensing Power MOSFETs Simplify

Current-mode Control.” Powertechnics, Darnell Rescarch Inc.. May (1986).

W. Schultz, “Lossless Current Sensing with SenscFETs Enhances Motor
Drive,” Powerconversion & Intelligent Motion. 12, 30. Apr. (1986).

J. D. Jackson, Classical Electrodynamics. John Wiley. New York. Ch. 15.

R. D. Evans, The Atomic Nucleus. McGraw-Hill. New York. Ch. 22, (1953).

F. B. McLean and T. R. Oldhan:. Basic Mechanisms of Radiation Effects in

Electronic Devices. report prepared for U. S. Army Laboratory Command.

Harry Diamond Laboratories. HDL-TR-2129. 16-17. Sep. (1987).

E. C. Smith. D. Binder, P. A. Compton, and R. I Wilbur. “Theoretical
and Experimental Determination of Neutron Energy Deposition in Silicon.”

IEEE Trans. Nucl. Sci.. NS-13 (6). 11, Dec. {1966).

G. C. Messenger. “Radiation Effects in Microcireuits.” IEEE Trans. Nucl.
Sci.. NS-13 (6). 141. Dec. (1966).

G. C. Messenger, “Displacement Damage in Silicon and Germanium Tran-

sistors.” IEEE Trans. Nucl. Sei.. NS-12 (2), 78. Apr. (1965).

G. F. Derbenwick and B. L. Gregory. “Process Optimization of Radiation
Hardened CMOS Integrated Circuits.” IEEE Trans. Nucl. Sc.. NS-22 (6).
2151, Dec. (1975).

P. S. Winokur, J. M. Gregory, and H. E. Boesch. “Dependence of Interface:
State Buildup on Hole Generation and Transport i Irradiated NOS Capac-

itors,” IEEE Trans. Nucl. Sci.. NS-23 (G). 1580. Dec. (1976).

R. M. Warner and B. L. Grung. Transistors: Fundamentals for the Integra-

ted Circuit Engineer. John Wiley, New York. 771-783 (1983).




21

22

23

24

25

26

27

28

29

30

g

A.S. Grove, Physics and Technology of Semiconductor Devices. John Wiley.

New York, Ch. 5. (1967).

T. R. Oldham. A. J. Lelis, and F. B. McLean. “Spatial Dependence of
Trapped Holes Determined From Tunneling Analysis and Measured Anneal-

ing.” IEEE Trans. Nucl. Sci.. NS-33 (6). 1203. Dcec. (1986).

A. H. Johnston, “Super Recovery of Total Dose Damage in MOS Devices.”
IEEE Trans. Nucl. Sci., NS-31 (6), 1427, Dec. (1984).

J. R. Schwank. P. S. Winokur. P. J. McWhorter. F. W. Sexton. P\,
Dressendorfer. and D. C. Turpin. “Physical Mechanisms Contributing to De-

vice ‘Rebound’.” IEEE Trans. Nucl. Sci.. NS-31 (6). 1434. Dec. (1934).

W. A Kolasinski and J. B. Blake. “Simulation . mic Ray Induced Soft

Errors and Latchup i Integrated Circuit Computer Memories.” IEEE Trans.

Nucl. Sci.. NS-26 (6), 5087. Dec. (1979).

T. C. May and M. H. Woods. A New Mechanism for Soft Errors in Dynamie
Memories.” IEEE 16th Annual Reliability Phyvsics Proceedings, 33. (1978).

J. P. Retzler, private communication.

B. L. Gregory and H. H. Sander, “Transient Annealing of Defects in Irradi-
ated Silicon Devices.” Proc. IEEE (9). 1328. Sep. (1970).

D. L. Blackburn, D. W. Berning. J. M. Benedetto. and K. F. Galloway. “Ion-
1zing Radiation Effects on Power NMIOSFETSs During High Speed Switching.”
IEEE Trans. Nucl, Sci.. NS-29 (6). 1555. Dec. (1982).

A. A Keshavarz. T. A. Fischer. W. R. Dawes. Jr.. and C. F. Hawkins. “Com-
puter Simulation of Iouizing Radiation Burnout in Power MOSFETs.” To Be
Published in IEEE Trans. Nucl. Sei.. NS-35 (6). Dee. (1988).




- N

FILMLD
U-B4
UT1C




